HIV-1 is spread by cell-free virions and by cell-cell viral transfer. We asked whether the structure and function of a broad neutralizing antibody (bNAb) epitope, the membraneproximal ectodomain region (MPER) of the viral gp41 transmembrane glycoprotein, differ in cell-free and cell-cell-transmitted viruses and whether this difference could be related to Ab neutralization sensitivity. Whereas cell-free viruses bearing W666A and I675A substitutions in the MPER lacked infectivity, cell-associated mutant viruses were able to initiate robust spreading infection. Infectivity was restored to cell-free viruses by additional substitutions in the cytoplasmic tail (CT) of gp41 known to disrupt interactions with the viral matrix protein. We observed contrasting effects on cell-free virus infectivity when W666A was introduced to two transmitted/founder isolates, but both mutants could still mediate cell-cell spread. Domain swapping indicated that the disparate W666A phenotypes of the cell-free transmitted/founder viruses are controlled by sequences in variable regions 1, 2, and 4 of gp120. The sequential passaging of an MPER mutant (W672A) in peripheral blood mononuclear cells enabled selection of viral revertants with loss-of-glycan suppressor mutations in variable region 1, suggesting a functional interaction between variable region 1 and the MPER. An MPER-directed bNAb neutralized cell-free virus but not cell-cell viral spread. Our results suggest that the MPER of cell-cell-transmitted virions has a malleable structure that tolerates mutagenic disruption but is not accessible to bNAbs. In cell-free virions, interactions mediated by the CT impose an alternative MPER structure that is less tolerant of mutagenic alteration and is efficiently targeted by bNAbs. This article contains Figs. S1-S6 and supporting Refs. 1-5.
HIV-1 assembles at and buds from polarized cholesterol-and GM1-rich domains within the plasma membrane of infected T cells following the accumulation of the virion core protein precursor, Gag, and the mature envelope glycoprotein (Env) 4 complex, gp120 -gp41 , at these sites (1) (2) (3) (4) (5) (6) . Cell-cell contact can also trigger the rapid recruitment of Gag and Env to GM1-rich polarized caps on the HIV-1-infected cell surface, whereas CD4 and the chemokine coreceptor (CCR5 or CXCR4) are recruited to the contact point on the uninfected cell, forming the virological synapse (VS) (7) (8) (9) . Virological synapse formation is triggered by Env-CD4 interaction and involves cytoskeletal remodeling that polarizes Gag, Env, CD4, and chemokine receptors, as well as secretory organelles and mitochondria to the cell-cell adhesions (10 -12) . The cytoplasmic tail (CT) of gp120 -gp41 plays a key role in signaling the recruitment of Gag to the VS, a process that depends on residues within the matrix protein (MA) domain. The functional interaction between the CT and MA regulates the duration and stability of interactions between infected and uninfected target cells (13) . Cell-associated virus can be transferred directly from an infected cell to an uninfected cell via the VS, and this cell-tocell mode of viral spread has been observed for CD4 ϩ T cell-CD4 ϩ T cell (7, 14) , dendritic cell-CD4 ϩ T cell (15, 16) , and monocyte-derived macrophage (MDM)-CD4 ϩ T cell (17) conjugates.
Cell-cell viral spread between T cells in vitro is at least 10-fold more efficient than the cell-free spread (18) , whereas VS-mediated transmission by MDM is 10 -100-fold more efficient than cell-free infection (19) , correlating with higher multiplicities of infection within VSs (19 -21) . Cell-to-cell HIV-1 transmission may contribute significantly to viral spread in vivo. Mathematical modeling suggests that a hybrid cell-free and cell-to-cell spreading mode is the most consistent with the major phases of infection, with hybrid spreading being critical to seed and establish infection, whereas the cell-to-cell spread is important for HIV-1 progression, becoming increasingly effective as infection progresses (22) . Cell-to-cell infection may account for ϳ60% of viral infection (23) . An examination of the dynamic behavior of HIV-infected T cells in the lymph nodes of humanized mice revealed motile small syncytia that establish tethering interactions that may facilitate cell-to-cell transmission through VSs (24) . Such small HIV-1-induced syncytia have been observed in the lymph nodes of HIV-1-infected individuals (25, 26) and can be recapitulated in vitro in 3D extracellular matrix hydrogels (27) . In this latter context, the syncytia transiently interact with uninfected cells, leading to rapid virus transfer. Further support for cell-cell viral transmission in vivo was provided by the observation that the inoculation of humanized mice with cells coinfected with two viral genotypes leads to high levels of co-transmission to target cells in highly localized microanatomical clusters within lymphoid tissue. Within these clusters, the HIV-infected cells induced arrest of interacting uninfected CD4 ϩ T cells to form Env-dependent cell-cell conjugates (28) . These observations indicate that cell-to-cell viral spread is likely to be a significant mode of transmission in vivo and that its blockade should be a consideration in drug therapy and vaccination strategies.
Virological synapse-mediated HIV-1 transmission can confer replicative advantages to virus such that it overcomes exogenous barriers to transmission. For example, VS-mediated viral transmission is less sensitive to commonly used nucleoside reverse transcription inhibitors such as nevirapine, zidovudine, and tenofovir (29 -32) . Importantly, VS-mediated HIV-1 transmission between CD4 ϩ T cells and between HIV-1-infected MDMs and uninfected CD4 ϩ T cells is less sensitive to neutralization by bNAbs, when compared with cell-free virus infections, indicating that this mode of spread may represent an obstacle to successful vaccine development and neutralizing antibody therapy (19, (33) (34) (35) (36) . Although these differences between cell-to-cell and cell-free virus transmission can be explained in part by a higher local multiplicity of infection at the VS, it is also plausible that cell-free and cell-associated viruses possess structural differences that confer distinct functional advantages to the two viral forms.
To examine this idea, we assessed the role of the MPER of the HIV-1 transmembrane glycoprotein, gp41, in cell-free and cellto-cell HIV-1 transmission. The MPER is a conserved 23-residue amphipathic sequence at the C terminus of the gp41 ectodomain and is a critical determinant of membrane fusion and infectivity. Spectroscopic studies of the MPER indicate that it forms a kinked ␣-helix in the interfacial region of the viral envelope lying parallel to the membrane plane. It includes a tilted N-terminal helix, linked via a hinge to a near-flat C-terminal helix. Conserved aromatic and hydrophobic residues penetrate into the hydrophobic phase of the membrane (37) (38) (39) . Mutational studies revealed that the conserved W 666 -W 670 -W 672 -W 678 -W 680 motif of the MPER functions cooperatively in the membrane fusion process (40, 41) and that hydrophobic and aromatic MPER residues participate in forming a clasp that stabilizes the membrane-interactive end of the 6-helix bundle conformation of gp41 to initiate membrane fusion (42, 43) .
The MPER is of interest to the HIV-1 vaccine research field because it represents the major epitope in gp41 that is recognized by potent human bNAbs such as 2F5, 4E10, 10E8, and Z13 (44 -46) , some of which can confer complete protection against mucosal cell-free simian-HIV challenge of macaques following passive immunization (47) . Distinct modes of MPER binding have been identified for 2F5, 4E10, 10E8, and Z13. 2F5 and 4E10 induce conformational changes in the MPER relative to membrane, 2F5 lifting, and inducing a helix-to-turn transition in the N-helix (37, 48) , whereas 4E10 binds to the hinge by extracting Trp 672 and Phe 673 (37, 38, 49) . The secondary structures of the 10E8 and 4E10 epitopes are similar, but 4E10 contacts a substantially larger area of the helical face due to a less acute binding angle relative to the C-helix (44, 50) . Cryo-EM studies of HIV-1 particles indicate that the trimeric ectodomain of Env is lifted from the envelope when 10E8 is bound, consistent with a conformational change in the MPER (50) . Z13 binds to and immobilizes the MPER hinge with little change in membrane orientation or conformation (37, 51) . bNAbs directed to the MPER have low efficacy against VS-mediated viral transmission, even though they potently neutralize cell-free virus (19, (33) (34) (35) (36) . An understanding of the basis of the differential efficacy of MPER bNAbs in neutralizing cell-free versus cell-tocell viral transmission is needed to inform approaches for developing vaccines that target this highly conserved epitope.
Here, we show that mutations in the MPER, which block cell-free virus infection, are tolerated in the context of cell-tocell transmission and that the block to cell-free virus infectivity can be partially reversed by mutations in the CT of gp41. We also observed that an MPER mutation causes contrasting effects in two transmitted/founder (T/F) Envs as follows: blockade of cell-free virus infectivity for isolate SC45, versus infectivity enhancement for isolate PRB958. These inter-strain phenotypic differences were modulated by the first and fourth variable regions (V1 and V4) of the receptor-binding glycoprotein, gp120, and correlated with the relative accessibility of the epitope recognized by bNAb 10E8 within the MPER. Our data indicate that the MPER adopts distinct structural/functional forms during cell-free and cell-to-cell viral spread, with the latter form being unavailable for interaction with bNAbs.
Results

Cell-associated MPER mutant viruses retain the ability to initiate spreading infection but the corresponding cell-free viral mutants do not
bNAbs directed to the MPER have low efficacy against VSmediated viral transmission, even though they potently neutralize cell-free virus (19, (33) (34) (35) (36) . To examine the role of the MPER in cell-free infection and cell-cell viral spread, an assay was developed to compare the spread of two well-characterized HIV-1 AD8 MPER mutants, W666A and I675A (Fig. 1, A and B ; Fig. S1A ) (52) , by cell-free and cell-to-cell modes. The U87.CD4.CCR5 glioblastoma cell line (53, 54), which expresses receptors necessary for cell-cell spread, including CD4, CCR5, and ICAM-1 (8, 54 -57) , was used as the infection target. VSV G-pseudotyping in trans was used to facilitate entry of W666A-and I675A-mutated (and WT) AD8 viruses into the U87.CD4.CCR5 cells to enable subsequent reverse transcription, integration, and production of cellassociated (and cell-free) viruses. Nonpseudotyped virions were used as control cell-free virus-only inocula. Nonpseudotyped and VSV-G-pseudotyped inocula were normalized according to reverse transcriptase (RT) activity prior to their addition to the U87.CD4.CCR5 cells. At 24 h post-inoculation, the cells were trypsinized and washed to remove surface-adsorbed virus and then re-plated and cultured for 10 days; the RT activity present in culture supernatants was W666 W672 I675
A B
Cell -cell gp120-gp41  Single cycle  fusion  association  infectivity  WT  +++  +++  +++  W666A  +++  +++  +/-W672A  +++  +++  +/-I675A  +++  +++  + (38) . The MPER peptide forms a kinked helix in the interfacial region (bordered by arcs) with aromatic and hydrophobic side chains penetrating into the hydrophobic phase (stippled). The side chains of amino acids mutated to alanine in this study are shown. B, functional characteristics of W666A, W672A, and I675A AD8 Env mutants described in Bellamy-McIntyre et al. (52) . ϩϩϩ, Ͼ90% of WT activity, ϩ/Ϫ, Ͻ2% of WT activity. U87.CD4.CCR5 cells were inoculated with unpseudotyped (C) or VSV G-pseudotyped (D) HIV-1 AD8 particles (50,000 cpm of RT activity per inoculum) and then trypsinized 24 h later to remove residual adsorbed virus. The cells were then replated and cultured for a further 10 days. 
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used as a measure of virus production. The results indicate that both nonpseudotyped and VSV G-pseudotyped WT viruses are able to initiate infection of U87.CD4.CCR5 cells and virus egress into culture supernatants ( Fig. 1 , C and D). By contrast, very little virus production was observed for the W596L/K601D (WLKD) mutant that lacks gp120 association (58) , indicating that a fusion-competent glycoprotein complex is required for virus transmission in cultures initiated by cell-free and cell-associated virus. Because VSV G-pseudotyped WLKD virions are fully competent to initiate infection (see Fig. 2D ), whereas the nonpseudotyped WLKD viruses are not (Fig. 1C ), the RT activity produced by VSV G-pseudotyped WLKD indicates the amount of virus that is released following a single round of infection. We therefore infer that the accumulation of virus in supernatants during the culture is due to spreading infection. W666A and I675A viruses lacked replication competence in U87.CD4.CCR5 cells when the infection was initiated with nonpseudotyped cell-free viruses (Fig. 1C ). By contrast, the mutated cell-associated viruses gave rise to substantial RT activity in the culture supernatants consistent with spreading infection (Fig. 1D ). In this context, W666A and I675A gave rise to more virus than WT at day 10. Day-7 and day-10 supernatants that had been obtained from cultures initiated with VSV G-pseudotyped W666A and I675A viruses were unable to effi-ciently infect naive U87.CD4.CCR5 cells (Fig. 1E ). These data indicate that cell-free W666A and I675A viruses produced in cultures initiated by VSV G-pseudotyped viruses remain entrydefective; therefore, W666A and I675A viral spread occurs via the cell-to-cell route. The data also suggest that the W666A and I675A virus production observed in Fig. 1D is not simply due to mutant virus reversion or due to infection by cell-free VSV G-pseudotyped viruses persisting after the trypsin treatment.
We next examined the infectivity of W666A and I675A mutants in phytohemagglutinin (PHA)-stimulated PBMCs pooled from three normal donors ( Fig. S1B ). Spreading infection did not occur in the stimulated PBMCs when cell-free AD8-W666A and AD8-I675 viruses were used to initiate infection ( Fig. 1 , F and G, left panels), consistent with the results obtained with U87.CD4.CCR5 cells (see Fig. 1C ). By contrast, spreading infection was observed when the first round of infection was initiated by VSV G-pseudotyped AD8-W666A and AD8-I675 viruses (Fig. 1 , F and G, right panels), again consistent with that observed with U87.CD4.CCR5 cells (see Fig. 1D ). The fusion-incompetent gp120-shedding mutant, AD8-WLKD, did not spread in the PBMCs. Because cell-free AD8-W666A and AD8-I675 viruses are not infectious for stimulated PBMCs and U87.CD4.CCR5 cells, we infer that the spreading infection observed in cultures initiated with VSV G-pseudotyped MPER mutants occurs via the cell-to-cell route only. A difference Serially diluted virus-containing supernatants were incubated with TZM-bl cells for 2 days prior to lysis and luciferase assay. The mean RLU Ϯ S.E. obtained from two independent experiments is shown. B, cell-surface-expressed Env glycoproteins expressed from WT and mutated pAD8 infectious clones retain fusion competence. 293T cells that had been cotransfected with WT or mutated pAD8 infectious clones and pCAG-T7 were cocultured with BHK21 cells that had been cotransfected with pCCR5 and pT4luc. Luciferase activity was measured 16 h later. The mean RLU Ϯ S.E. obtained from three independent experiments is shown. *, p Ͻ 0.05 WT versus mutant; two-tailed t test assuming unequal variances. C, L8S/S9R blocks spreading infection initiated by cell-associated virus in U87.CD4.CCR5 cells. As for Fig. 1D , except that the virus content of culture supernatants was measured by p24 ELISA. Data are representative of three independent experiments. D, VSV G-pseudotyped L8S/S9R-containing viruses retain infectivity for TZM-bl cells. Serially diluted virus-containing supernatants were incubated with TZM-bl cells for 2 days prior to lysis and luciferase assay. The mean RLU Ϯ S.E. obtained from two independent experiments is shown.
observed between the two systems is that cell-cell spread by W666A and I675A viruses is less efficient in stimulated PBMCs relative to U87.CD4.CCR5 cells (compare Fig. 1D with F and G, right panels).
The cell-free entry ability of the mutants was further examined in TZM-bl cells, which express ϳ4-fold higher levels of CD4 relative to U87.CD4.CCR5 cells but about the same amount of CCR5 ( Fig. S1C ). In this assay, infection is allowed to proceed for 48 h, which corresponds to 1-2 infection cycles, suggesting that the infectivity readout is largely due to cell-free virus infection. A low level of infectivity was observed for the two mutants at a 1/10 dilution of inocula ( Fig. 1H ), which corresponds to ϳ5-fold higher virus content than that used with U87.CD4.CCR5 and stimulated PBMCs. These data suggest that at high CD4 concentrations, residual infectivity can be detected for concentrated W666A and I675A virus inocula.
Inoculation of the nonpermissive cell line, Huh7.5, with VSV G-pseudotyped WT virus did not give rise to RT activity in culture supernatants ( Fig. 1I ) even though VSV G pseudotyping of pNL4.3R-E-luc reporter viruses enabled efficient infection of these cells ( Fig. 1J ). Thus cell-cell spread requires CD4 and CCR5. The data indicate that the W666A and I675A mutations are tolerated in viruses transmitted via the cell-cell route, although the mutations block the infectivity of cell-free virions.
Viral spread initiated by cell-associated MPER mutants is blocked by a mutation in MA that reduces Env incorporation
We next asked whether the apparent ability of MPER mutants to mediate cell-cell spread in U87.CD4.CCR5 cells depends on the assembly of Env-containing virions. The introduction of L8S/S9R mutations into MA has been shown previously to inhibit Env incorporation into virions (59) and to block cell-cell transmission (60) . We first determined that the L8S/ S9R MA mutation severely limited the infectivity of cell-free WT AD8 virus for TZM-bl reporter cells and reduced the residual infectivity of W666A and I675A viruses to WLKD background levels ( Fig. 2A ). By contrast, the fusion activities of 293T cell-surface-expressed WT, W666A, and I675A Env derived from MA-L8S/S9R-containing proviral constructs were similar to their counterparts derived from proviruses with an intact MA domain (Fig. 2B ). These data confirm that MA-L8S/S9R blocks cell-free virus infectivity but does not affect the intrinsic fusion function of the cell-surface Env containing W666A and I675A. We next tested the effects of the MA-L8S/S9R mutation on cell-cell spread in U87.CD4.CCR5 cells. The cells were inoculated with VSV G-pseudotyped viruses with and without the MA-L8S/S9R mutation, trypsinized 24 h later, and then cultured for a further 14 days. The p24 content of the cell-free culture supernatants was used as a measure of virus production. Fig. 2C confirms that WT, W666A, and I675A but not WLKD viruses can mediate cell-cell spread in U87.CD4.CCR5 cultures and that this spreading infection is completely blocked by the MA-L8S/S9R mutation. Finally, we used the TZM-bl reporter system to confirm that VSV G-pseudotyped viruses bearing the MA-L8S/S9R mutation were competent to initiate infection ( Fig. 2D ), thereby ruling out the possibility that the MA-L8S/S9R-mediated block to cell-cell spread in U87.CD4.CCR5 cultures was simply due to a block in the initial VSV G-mediated entry step. These data indicate that viral spread initiated by cell-associated WT, W666A, and I675A viruses depends on the assembly of Env-containing virions.
Mutations in the CT of gp41 mitigate the cell-free virus infectivity defect associated with W666A and I675A
The W666A and I675A mutations diminished the infectivity of cell-free virions, whereas previous studies have shown that membrane fusion mediated by these Env mutants expressed at the cell surface in the absence of other viral proteins is not affected (52) . It may be that the MPER mutations adversely affect Env function in the context of assembled cell-free virions, where interactions between MA and the CT of gp41 (61) (62) (63) can modulate the structure and function of the ectodomain (64 -66) . To investigate the influence of the CT on the function of the MPER mutants, stop codons were introduced after positions 712, 727, and 752 in the WT, W666A, and I675A pcDNA3.1-AD8env expression vectors to give the ⌬CT144, ⌬CT129, ⌬CT104 mutants, respectively ( Fig. 3A) . These truncations remove various CT subdomains. For example, ⌬CT104 removes a C-terminal dileucine endocytosis motif (67-70) and the so-called lentiviral lytic helical peptides (LLP)-1, LLP-3, and LLP-2 (71-73), as well as two intracellular sorting motifs, Tyr 795 -Trp/Leu, and Tyr 802 -Trp (74 -77), present within LLP-3; ⌬CT129 removes the former motifs plus the highly immunogenic "Kennedy sequence" (78, 79) , whereas ⌬CT144 removes the former motifs plus the dominant tyrosine-based sorting signal, Tyr 712 -Xaa-Xaa-Leu (80 -83).
The expression and processing of the truncation mutants in 293T cells were first confirmed by Western blotting with DV-102 anti-gp120 antibody (Fig. 3B ). The apparent molecular weights of gp160 were progressively smaller for ⌬CT104, ⌬CT129, and ⌬CT144, respectively, consistent with the removal of gp41 CT sequences, whereas the apparent molecular weight of gp120 remained constant. The W666A and I675A mutations did not significantly affect the cell-cell fusion activities of the corresponding full-length and C-terminally truncated Envs, indicating that the CT does not influence the membrane fusion abilities of the MPER mutant glycoproteins ( Fig.  3C ).
We next tested the effects of the CT truncations on the infectivity of Env-pseudotyped luciferase reporter viruses for U87.CD4.CCR5 cells in a single-cycle assay ( Fig. 3D and Fig.  S1D ). The ⌬CT144 truncation restored the infectivity of the W666A and I675A mutants to within 1 log 10 of WT, whereas the ⌬CT129 and ⌬CT104 did not significantly change the entry activities of the MPER mutants. These data locate an inhibitory determinant within the 713-727 sequence of CT that operates in conjunction with W666A and I675A.
Several lines of evidence indicate that the gp41 CT interacts with the MA protein shell beneath the inner leaflet of the viral envelope. In this context, the MA shell may include a hexameric array of MA trimers, the central aperture of the hexamer potentially providing a docking site for the CT (61-63, 84). Mutations in MA such as L49D can destabilize the interaction between gp120 and gp41 on the virion surface; however, Env can be uncoupled from the L49D MA defect by ⌬CT144, and this effect can be reproduced by the Y712S substitution in the
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gp41 CT (64) . We therefore asked whether Y712S in the context of a full-length CT mimics the restorative effects of ⌬CT144 for W666A and I675A in the U87.CD4.CCR5 single-cycle assay ( Fig. S1D ). Fig. 3E indicates that combining either ⌬CT144 or Y712S with W666A or I675A increases single-cycle entry function by ϳ10-fold with respect to the corresponding MPER mutants with a WT CT. Next, we asked whether the Y712S-dependent increase in W666A and I675A pseudotype infectivity could be reproduced with HIV-1 particles derived from fulllength proviruses. The Y712S mutation was therefore introduced to WT, W666A, and I675A AD8 infectious clones, and the infectivity of corresponding cell-free viruses was deter-mined using TZM-bl reporter cells ( Fig. S1C ). In agreement with the single-cycle entry data, W666A and I675A reduced cell-free virus infectivity by ϳ2.5 log 10 , whereas the introduction of Y712S to these MPER mutants restored their infectivity to within 1 log 10 of WT ( Fig. 3F ). Because Tyr 712 -Xaa-Xaa-Leu represents a dominant endocytosis motif and Tyr 712 modulates CT-MA interactions, we examined whether Y712S affected Env incorporation into virions. Virions produced in HeLa cells, which are permissive for CT mutant viruses, were pelleted through a sucrose cushion, and their gp120 and p24 content was analyzed by reducing SDS-PAGE and Western blotting. Slightly lower gp120 relative to p24 incorporation was Figure 3 . Mutations in the CT of gp41 restore infectivity to cell-free MPER mutant virions. A, schematic representation of gp41. HR1, HR2 are heptad repeats 1 and 2 respectively; TMD, transmembrane domain; LLP, lentiviral lytic peptides; Y 712 SPL, dominant tyrosine-based sorting signal; YW, intracellular sorting motifs; LL, C-terminal dileucine endocytosis motif. B, expression of truncated AD8 glycoproteins in 293T cells transfected with WT and mutated Env expression vectors. Cell lysates were subjected to reducing SDS-PAGE and Western blotting with DV-012 polyclonal anti-gp120 serum. C, cell-cell fusion activities of truncated AD8 Env glycoproteins. 293T cells that had been cotransfected with WT or mutated pcDNA3.1AD8env vectors and pCAG-T7 were cocultured with BHK21 cells that had been cotransfected with pCCR5 and pT4luc. Luciferase activity was measured 18 h later. The mean RLU Ϯ S.E. obtained from at least three independent experiments is shown. D and E, single-cycle infectivity of NL4.3LucR Ϫ E Ϫ luciferase reporter viruses pseudotyped with WT and mutated AD8 Env glycoproteins for U87.CD4.CCR5 cells. The cells were assayed for luciferase activity at 52 h post-transfection. Mean RLU Ϯ S.E. from at least three independent experiments is shown. *, p Ͻ 0.05; **, p Ͻ 0.01; glycoprotein construct with mutated CT versus corresponding construct with unmutated CT; two-tailed t test assuming unequal variances. F, infectivity of WT and mutated HIV-1 AD8 viruses for TZM-bl cells. Serially diluted virus-containing supernatants were incubated with TZM-bl cells for 2 days prior to lysis and luciferase assay. The mean RLU Ϯ S.D. obtained from a representative experiment is shown. G, gp120 content of virions. Virions were pelleted through a sucrose cushion and then subjected to reducing SDS-PAGE and Western blotting with DV012 (upper panel) and HIVIG (lower panel). gp120-incorporation indices ((gp120 mutant pixels Ϭ p24 mutant pixels) ϫ (p24 WT pixels Ϭ gp120 WT pixels)) are shown below. The image was obtained from a single gel with the splice point indicated.
observed for W666A and I675A when compared with WT; however, no major changes to relative gp120 incorporation of the mutants with the introduction of Y712S were observed ( Fig. 3G , upper panels). (Attempts were made to examine the effects of Y712S on cell-associated virus transmission in U87.CD4.CCR5 cells; however, even WT virus spread was blocked by the mutation (data not shown) suggesting that this cell line is not permissive for viruses bearing mutations in the CT.) Thus, the cell-free virus infectivity defects associated with W666A and I675A may in part be due to a subtle gp120 -gp41 association defect. However, the restorative effect of Y712S was not due to increased glycoprotein incorporation, indicating that a substantial component of the cellfree virus infectivity defect is independently mediated through an interaction between the CT and MA.
Mutations in the MPER do not alter the kinetics of membrane fusion
We employed a real-time fluorescence-based assay (85) to examine the kinetics of membrane fusion mediated by the W666A and I675A Env mutants expressed at the cell surface. This assay dissects membrane fusion into two kinetic phases as follows: the lag time that reflects the ability of Env to recruit and be activated by receptors, and the fusion rate that correlates with chemokine receptor affinity and infectivity (85) (86) (87) (88) . 293T cells expressing Env and ␤-lactamase were cocultured with JC53 targets (HeLa cells stably expressing CD4 and CCR5) loaded with the green fluorescent substrate, CCF2-AM; upon formation of a fusion pore, small molecule transfer between the cocultured cells enables ␤-lactamase to cleave CCF2-AM, resulting in blue fluorescence. The ratio of blue/green fluorescence was used as a measure of fusion. Fig. 4A indicates an ϳ30-min lag time and an exponential phase of ϳ120 min prior to the final extent of fusion being reached for WT, consistent with the Env fusion curves originally generated by Lineberger et al. (85) . By contrast, a fusion curve was not generated by G597A, a fusion-and entry-defective gp41 mutant (89) . To compare fusion mediated by the MPER mutants, the ratio of blue/green fluorescence over time was normalized against the final extent of fusion. The lag times and rates of fusion for W666A and I675A were not significantly different from those generated by WT, indicating that the mutations did not affect the kinetics of Env-mediated membrane fusion (Fig. 4B ). The data confirm that W666A and I675A mutations do not alter the intrinsic fusion function of Env when expressed in the absence of other viral proteins.
Differential functional effects of the W666A MPER mutation in the context of two T/F clones
We next examined whether the distinct effects of the MPER mutations on cell-free versus cell-associated viral transmission are a general feature of HIV-1 isolates by introducing W666A into two clade B T/F Envs, SC45.4B5.2631 (SC45) and PRB958_06.TB1.4305 (PRB958), which share 82.7% amino acid identity in the Env ectodomain ( Fig. S2) (90) . Transmitted/ founder viruses establish infection in naive hosts and are the targets of future prophylactic vaccines; therefore, it is important to examine the structure and function of this key bNAb epitope in this context. The WT and mutated T/F env regions were used to replace the corresponding region of pNL4.3 to generate the chimeric infectious clones pNL.SC45 and pNL.PRB958. The data presented in Fig. 5A (left panel) show that W666A strongly inhibited the infectivity of cell-free NL.SC45 virus for U87.CD4.CCR5 cells, and the W666A-associated block to infectivity was negated when viral transmission was initiated with cell-associated NL.SC45 virus with increased levels of p24 produced in mutant viral cultures at days 7 and 10 relative to WT (Fig. 5A, right panel) . These data are consistent with those obtained with AD8 virus (see Fig. 1 , C and D). In marked contrast, the infectivity of cell-free NL.PRB958 virus was enhanced by W666A with 5-fold greater amounts of p24 being produced at days 7 and 10 relative to WT; a similar ratio of p24 production was observed for NL.PRB958-W666A and WT in cultures initiated with cell-associated virus (Fig. 5A) . Thus, the W666A mutation has opposing effects on NL.SC45 and NL.PRB958 cell-free virus infectivity.
We next compared the effects of W666A on the infectivity of cell-free and cell-associated NL.SC45 and NL.PRB958 viruses in stimulated PBMCs. W666A blocked the infectivity of cellfree NL.SC45 virus for the primary cells, consistent with the data obtained with U87.CD4.CCR5 cells (Fig. 5B, left panel) . 
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Cell-free NL.PRB958-W666A retained substantial infectivity for PBMCs; however, the enhancing effect of the MPER mutation observed in U87.CD4.CCR5 cells was not evident, with ϳ3-fold lower levels of mutant being produced relative to WT at the peak of virus production by the primary cells. All mutants were able to mediate spreading infection in PBMCs when the culture was initiated with cell-associated viruses (Fig. 5B, right  panel) . Again, the enhancing effects of the mutations observed in the U87.CD4.CCR5 cells were not evident.
The effects of W666A on cell-free NL.SC45 and NL.PRB958 virus infectivity were further investigated using TZM-bl target cells. In this assay, the MPER mutation caused an ϳ150-fold reduction in NL.SC45 infectivity, whereas an ϳ10-fold infectivity reduction was observed for NL.PRB958-W666A (Fig. 5C ). These infectivity reductions observed for cell-free NL.SC45-W666A and NL.PRB958-W666A viruses in the TZM-bl assay are consistent with the data obtained with cell-free virus infection of PBMC targets, suggesting that cell-free virus is an important component of spreading infection in the PBMC cultures. Interestingly, cell-free NL.PRB958-W666A showed enhanced infectivity in the U87.CD4.CCR5 culture. Cell-cell transmission may account for the majority of spreading infection in the 10-day U87.CD4.CCR5 cultures, provided that a threshold of infection is achieved in the first round. The data indicate that the functional consequences of MPER modification can vary in a strain-dependent manner.
The effect of the W666A mutation on Env incorporation into virions was examined by Western blotting. Fig. 5D reveals that W666A leads to markedly reduced gp120 in SC45 virions, whereas WT levels are present in PRB958. The data indicate that a component of the infectivity loss observed for cell-free SC45-W666A virus is due to decreased gp120 in virions, whereas the infectivity phenotype of cell-free PRB958-W666A is likely to be a subtle change in the Env complex. As for AD8, these functional defects appeared to be mitigated in virions spread via the cell-cell mode.
Molecular basis of the SC45 and PRB958 W666A phenotypes
A domain-swapping approach, whereby SC45 env sequences were swapped into the pNL.PRB958 vector backbone (PR.SC chimeras), was employed to identify the molecular determinants controlling the distinct infectivity phenotypes of NL.SC45-W666A and NL.PRB958-W666A viruses. The specific aim was to identify which structural elements of SC45 Env confer an SC45-W666A-like phenotype to NL.PRB958. The TZM-bl infectivity assay ( Fig. S1C ) was used to screen a panel of domain-swapped NL.PR.SC chimeras (Fig. 6A ). In this assay, W666A caused an ϳ150-fold reduction in NL.SC45 infectivity, whereas an ϳ10-fold infectivity reduction was observed for NL.PRB958-W666A ( Fig. 6B , parental; see also Fig. 5C ). The introduction of the SC45 gp120 domain into the NL.PRB958 backbone ( Fig. 6B , PR.SC.gp120) resulted in NL.SC45-like infectivity for PR.SC.gp120-WT, whereas an intermediate infectivity phenotype was observed for PR.SC.gp120-W666A. The MPERs of PRB958 and SC45 differ at three positions: S671N, E674N, and N677Q (PRB958 3 SC45, Fig. S2 ). These mutations were introduced to the MPER of PR.SC.gp120-W666A to give PR.SC.gp120Mx-W666A. This was done to determine whether the SC45-W666A phenotype required the SC45 gp120 domain to be matched with the cognate MPER. This was not the case because PR.SC.gp120Mx-W666A exhibited the intermediate infectivity phenotype of PR.SC.gp120-W666A, wherein the gp120 and MPER domains are mismatched ( Fig. 6B, PR.SC.gp120 panel) .
To further map the determinants in gp120 responsible for the SC45 phenotype, gp120 subdomains were chimerized to the NL.PRB958 backbone. PR.SC.V1V2 exhibited NL.PRB958-like infectivity for WT and intermediate infectivity for W666A, whereas PR.SC.V3 exhibited NL.PRB958-like infectivity for W666A. The combination of SC45 V4 and V5 with V1V2 (PR.SC.V1245) led to greatly diminished infectivity for the WT version, indicating that this SC45 subdomain combination is functionally incompatible with a PRB958 backbone (Fig. 6B) . Chimeras containing the V1V2C2V3 and V1V4V5 regions 
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of SC45 on a PRB958-WT background exhibited 2-3 log 10 decreases in cell-free virus infectivity relative to PRB958-WT (data not shown) and were not pursued further. The most informative chimeras were PR.SC.V12V4 and PR.SC.V1V4, which largely recapitulated the NL.SC45 infectivity phenotype (Fig. 6B) , indicating that the external V1 and V4 loops of gp120 modulate the function of the W666A-mutated MPER in cellfree virus.
The ability of the chimeric W666A mutants to incorporate gp120 into virions was determined by Western blotting. The data confirm the gp120-incorporation defect of SC45-W666A ( Fig. 6C) . Interestingly, the PR.SC.gp120 and PR.SC.V1V2 W666A mutants exhibited similar gp120-incorporation defects to SC45-W666A but were more infectious than the parental mutant, suggesting that reduced gp120 incorporation does not completely account for defective cell-free virus infectivity. This idea was supported by the observation that the two chimeras that most closely approximated SC45-W666A infectivity had distinct gp120-incorporation phenotypes; W666A reduced PR.SC.V12V4 virion gp120 content by ϳ50% with respect to 
PR.SC.V12V4-WT, whereas the gp120 content of PR.SC.V1V4 was affected to a lesser degree by W666A. The data suggest that V1 and V4 modulate the cell-free infectivity phenotype of SC45-W666A, whereas V2 contributes to the gp120-incorporation phenotype. Interestingly, PR.SC.gp120-W666A exhibited a less attenuated infectivity phenotype than PR.SC.V1V2V4 in the TZM-bl assay, despite the two chimeras exhibiting similar gp120-incorporation defects. The SC45-W666A infectivity phenotype appears to be partially suppressed when SC45 gp120 sequences outside of V1, V2, and V4 are included in the PRB958 Env backbone.
We next examined the abilities of cell-free and cell-associated PRB.SC.V1V4-WT and W666A viruses to mediate spreading infection in U87.CD4.CCR5 cells and PHA-stimulated PBMCs. In U87.CD4.CCR5 cultures initiated with cell-free viruses, W666A had an enhancing effect on PRB958 virus production, whereas SC45 was inhibited by the mutation, consistent with the previous findings ( Fig. 6D, left panels) . In contrast, PR.SC.V14-WT and W666A appeared to replicate at similar levels, i.e. neither enhancement nor inhibition of virus production was observed with W666A. This result was not expected, given that cell-free PR.SC.V14-W666A exhibited a highly attenuated phenotype in the TZM-bl single-cycle assay. WT and W666A-mutated SC45, PRB958, and PR.SC.V1V4 viruses were competent to mediate cell-to-cell transmission in U87.CD4.CCR5 cells (Fig. 6D, right panels) . The abilities of cellfree and cell-associated PR.SC.V1V4-WT and -W666A chimeras to mediate spreading infection in PHA-stimulated PBMCs were next tested. Nonpseudotyped and VSV G-pseudotyped inocula were employed to initiate the first round of PBMC infection after which the cells were washed extensively prior to culture for 14 days. The data indicate that W666A blocks the infectivity of cell-free PRB.SC.V1V4 viruses, whereas cell-associated PRB.SC.V1V4-W666A is able to efficiently mediate spreading infection in PBMCs (Fig. 6E) . Overall, the data indicate that the V1 and V4 domains of SC45 act in concert to confer the attenuated infectivity phenotype observed with cellfree SC45-W666A in TZM-bl cells and PBMCs. Whereas the enhancing effect of W666A for cell-free PRB958 virus infectivity in the U87.CD4.CCR5 system was negated by the introduction of SC45 V1 and V4, the transmission block seen with SC45-W666A was not recapitulated. It is possible that the residual infectivity of cell-free PR.SC.V14-W666A ( Fig. 6B ) enables seeding of the U87.CD4.CCR5 cells to enable subsequent rounds of highly efficient cell-cell transmission.
Cell-free PRB958 and SC45 pseudovirions exhibit differential sensitivities to bNAbs directed to the MPER
The structural context of SC45 and MPER sequences was probed in neutralization assays with the 2F5 and 10E8 bNAbs, which bind to different segments of the MPER (Fig.  7, A and B) , as well as bNAbs directed to the gp120 -gp41 complex (PGT151) and the gp120 domain (VRC01, PGT121, and PG9) ( Fig. 7C ). 2F5 recognizes an N-terminal epitope 656 NEQELLELDK 665 WASLW 670 , which adopts an extended conformation when bound to antibody (48) , whereas the more C-terminal 10E8 epitope, 670 WNWFDI 675 TNWLW 680 YIK 683 , maintains a helical conformation when bound (44, 50) . Serially diluted bNAbs were preincubated with luciferase reporter viruses pseudotyped with PRB958 or SC45 Envs, and the mixtures were incubated with U87.CD4.CCR5 cells for 48 h prior to lysis and luciferase assay. Whereas the two Envs exhibited similar neutralization sensitivities to 2F5, PRB958 Env exhibited greater sensitivity to 10E8 neutralization than SC45 Env, the neutralization IC 50 being 4.3-fold higher for the latter (Fig. 7D ). PRB958 and SC45 Env pseudotypes were neutralized to the same degree by bNAb PGT151, which is directed to a complex glycan-dependent epitope contributed by gp120 and gp41, and specifically recognizes the cleaved, trimeric form of Env (91) VRC01, which is directed to the CD4-binding site (92) , and PGT121, which is directed to an epitope involving the V3 glycan at Asn 332 (93) . In contrast, the two Envs exhibited differential sensitivities to PG9, which is directed to a V1V2 Asn 156 / Asn 160 -glycan-dependent epitope (94) . In this case, PRB958 was completely neutralized by PG9, whereas the neutralization of SC45 was incomplete. As most of the key PG9 contact residues (Asn 156 , Asn 160 , Arg 168 , and Phe 176 ) (95) are present in both isolates, this suggests that the conformation of this region differs. Overall, the data suggest that the 10E8 epitope is more accessible to antibody binding in PRB958 Env than in SC45 indicative of alternative structural contexts in the two Envs. This is unlikely to be due to gross differences in the global organization of the gp120 -gp41 trimer, as the two Envs exhibited similar sensitivities to the cleaved gp120 -gp41 trimer, CD4bs and Asn 332 glycan-dependent bNAbs, but may be linked to differences in the sequence and or structure of V1V2 to which PG9 binds.
We next examined whether the MPER within cell-associated PRB958 and SC45 viruses is accessible to neutralizing antibody. To this end U87.CD4.CCR5 cells were infected with VSV G-pseudotyped NL.PRB958 and NL.SC45 viruses for 24 h, after which they were trypsinized and replated into 96-well tissue culture plates in the presence of serially diluted bNAbs 10E8 and PGT121. An HCV-specific bNAb HC84-1 was included as a negative control. At day-3 postinfection, one-half of the tissue culture medium was replaced with complete medium containing serially diluted bNAbs. The tissue culture medium was then assayed for p24 content at day 7. Both NL.PRB958 and NL.SC45 viruses resisted neutralization by the MPER-directed bNAb 10E8, although they were efficiently neutralized by the V3 glycan-directed bNAb, PGT121 (Fig. 7E ). In this context, PRB958 was more sensitive to PGT121, which had a 3.6-fold lower IC 50 for PRB958 relative to SC45. These data suggest that the structural context and/or conformation of the MPER in cell-associated virus precludes its interaction with 10E8, in contrast to the case observed with cell-free virus. Furthermore, because 10E8 was able to completely block cell-free virus infection at the concentrations used in the cell-cell transmission assay, the data also suggest that viral spread in U87.CD4.CCR5 cells predominantly occurs via the cell-to-cell route.
Sequential passaging of a W672A mutant suggests a functional link between glycans in V1 and the MPER
An alternative approach was taken to identify determinants within Env that modulate the function of the MPER. The W666A and I675A HIV-1 AD8 MPER mutants as well as a third
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well-characterized mutant, W672A (see Fig. 1, A and B) , which all exhibit diminished replication capacity, were subjected to serial passaging in PBMCs to force the emergence of 2nd-site suppressor mutations. The location of the suppressor potentially indicates an element within gp120 -gp41 that is linked to MPER function. W666A and I675A largely ablated the infectivity of cell-free AD8 for stimulated PBMCs, whereas the presence of a low level of RT activity in day-14 W672A culture supernatant indicates that this mutant retains a low level of replication competence (Fig. 8A) . The U87.CD4.CCR5 assay The asterisks indicate contact residues for bNAbs 10E8 (red) and 2F5 (blue). B, 2F5 (blue) and 10E8 (red) contact residues in the context of the lipid micelle-associated MPER peptide (38) . C, location of bNAb epitopes in the gp120 -gp41 SOSIP.664 trimer (PDB code 5FYJ) (120) . The MPER is absent from the structure but would be located at the base of the trimer (50) as indicated by arrow. D, neutralization of cell-free viruses by various bNAbs. U87.CD4.CCR5 cells were incubated with pseudovirus-IgG mixtures for 2 days prior to lysis and assay for luciferase activity. Neutralizing activities were measured in triplicate, and the average percent luciferase activity was determined for each assay. The data are the means Ϯ S.E. obtained from at least two independent experiments. E, neutralization of cell-associated viruses. U87.CD4.CCR5 cells were infected with VSV G-pseudotyped viruses and then trypsinized 24 h later. The cells were seeded in triplicate into 96-well tissue culture plates in the presence of serially diluted bNAbs. Three days later, 50% of the culture supernatant was replaced with fresh medium containing the appropriate dilution of bNAb. The p24 content of viral supernatants was determined at day-7 post-seeding by ELISA. Neutralizing activities were measured in triplicate and reported as the average percent p24 content. The data are representative of three independent experiments. HC84-1 is a control human monoclonal bNAb directed to the E2 glycoprotein of HCV (139).
revealed that W672A was competent to spread via the cell-cell route (Fig. 8B, right panel) . The mutant cell-free viruses were subjected to six serial passages in PHA-stimulated PBMCs. Replication competence was not restored to the W666A mutant in two independent long-term cultures, consistent with the highly attenuated replication phenotype of this mutant (Fig. 8C, data not shown) . By contrast, replication-competent viruses appeared in the W672A and I675A cultures during the second passage, and infectivity was maintained in subsequent passages. The env region was PCR-amplified from proviral DNA obtained from the W672A and I675A long-term culture at days 30 and 60 and ligated into the pcDNA3.1AD8env vector. Figure 8. In vitro evolution of pAD8-W672A . A, 14-day replication kinetics of WT and mutated AD8 viruses. Virus stocks produced in 293T cells were normalized according to RT activity and used to infect PHA-stimulated PBMCs. RT activity was measured in culture supernatants obtained at days 3, 7, 10, and 14 postinfection. The mean RT activity Ϯ S.D. of duplicate samples is shown. B, U87.CD4.CCR5 cells were inoculated with unpseudotyped (left panel) or VSV G-pseudotyped (right panel) HIV-1 AD8 particles (50,000 cpm of RT activity per inoculum) and then trypsinized 24 h later to remove residual adsorbed virus. The cells were then replated and cultured for a further 10 days. Mean RT activity Ϯ S.D. of triplicate samples is shown. Data are representative of two independent experiments. C, long-term PBMC culture of WT and mutated AD8 viruses. Viruses produced by transfected 293T cells were normalized according to RT activity prior to infection of PHA-stimulated PBMCs. The PBMCs used in each passage were obtained from different donors. Cell-free virus collected at day 10 of each passage was normalized for RT activity and used to infect fresh PHA-stimulated PBMCs. The mean RT activity of duplicate samples is shown. D, frequency of genotypes observed in env clones obtained at days 30 and 60 from the W672A culture. E, alignment of V1 sequences, with potential N-linked glycosylation sites highlighted in green. F, migration of immunoprecipitated 35 S-labeled gp120 molecules containing second site mutations in SDS-PAGE. G, 14-day replication kinetics of HIV-1 AD8 -W672A viruses Ϯ 2nd site mutations in V1. Virus stocks produced in 293T cells were normalized according to RT activity and used to infect PHA-stimulated PBMCs. RT activity was measured in culture supernatants obtained at days 3, 7, 10, and 14 postinfection. The mean RT activity of duplicate samples is shown.
The entire env region of individual clones was subjected to DNA sequencing. The W672A mutation was maintained in all clones obtained at both time points; however, 2nd site mutations leading to the deletion of either one of two potential PNGSs at Asn 136 or Asn 142 in V1 were observed in 10 of 13 day-60 clones (Fig. 8D) . The Asn 136 PNGS was lost either by deletion of 136 NVTNI (⌬NVTNI) or the T138I substitution, whereas the adjacent Asn 142 site was lost through deletion of 139 NIN (⌬NIN). The 136 PNGS is well conserved across multiple clades of HIV-1, whereas the 142 PNGS is less conserved (Fig. 8E) , and their deletion has been shown to affect fusion and infectivity in a strain-dependent manner (96 -98) . In the case of I675A, 50% of day-30 clones and 100% of day-60 clones contained an A675V pseudoreversion with no dominant second site mutations found (data not shown). Both Ile and Val have branched aliphatic side chains that differ by a single methyl group. As the I675V replacement is likely to be functionally neutral, this reversion mechanism was not examined further.
SDS-PAGE analysis of immunoprecipitated radiolabeled gp120 constructs containing the ⌬NVTNI, T138I, and ⌬NIN mutations indicated that the mutants migrated to lower molecular weight positions compared with WT, which is consistent with the loss of glycosylation (Fig. 8F ). The ⌬NVTNI, T138I, and ⌬NIN mutations improved the ability of W672A-containing AD8 viruses to replicate in PBMCs (Fig. 8G) , indicating that the loss of N-linked glycosylation in V1 partially suppresses the W672A infectivity defect and suggesting that this gp120 region is functionally linked to the MPER.
Discussion
Mutations in the MPER that inhibited cell-free virus infectivity were tolerated in virions transmitted via the cell-to-cell route and in cell-cell fusion mediated by the Env glycoproteins expressed at the cell surface. The data point to distinct structural and/or functional roles for the MPER in the two modes of viral spread and in cell-cell fusion. Substantial infectivity was restored to the cell-free viral MPER mutants by additional mutations in the CT (truncation to 712 and Y712S) that have been shown to functionally decouple Env from MA (62, 64, 65) . Recent biochemical and electron microscopic studies suggest a direct interaction between CT and MA within virions where a hexameric assembly of MA trimers provides a docking site for the CT (61-63, 84) . Thus, the effects of the MPER mutations on cell-free virus infectivity are to a degree controlled by the CT, most likely via interactions with MA. The Y712S CT mutation did not reverse a subtle gp120-incorporation defect seen with W666A and I675A mutant AD8 virions, suggesting that the restoration of infectivity to the mutants by Y712S does not involve changes in virion Env complex stability. Within cellfree virions, CT-mediated interactions control a number of functional characteristics of gp120 -gp41, including the clustering of Env spikes (99) , and their acquisition of fusion competence following Gag maturation (100), as well as Gag maturation-dependent antigenic changes in the Env ectodomain, including within the MPER (66) . CT may modulate the role of the MPER present in cell-free virions in one or more of these functions.
In association with membrane mimics, the MPER includes a metastable tilted N-helix (amino acids 666 -672) linked via a Phe 673 -Asp/Asn 674 hinge to a stable near-flat C-helix (amino acids 675-683) (37) (38) (39) . Cryo-EM of HIV-1 particles in the presence and absence of 10E8 Fab locates the MPER to the base of the Env trimer, embedded in the envelope in its ground state (50) . Trp 666 , Trp 672 , and Ile 675 are located on the apolar face of the MPER helices and penetrate into the acyl chain region by 4.5, 5, and 11 Å, respectively (37) . The replacement of Trp and Ile with the helix-forming residue, Ala (101), potentially removes up to 148 and 74 Å 2 of buried surface, respectively (102) , which may diminish stabilizing protein-membrane interactions. In integral membrane proteins, Trp tends to locate at the membrane headgroup region, whereas Ile and Ala have a greater propensity to interact with the acyl chain region (103) (104) (105) . The effects of W666A, W672A, and I675A on the binding free energy of the MPER to the phosphatidylcholine interface were therefore estimated using the Totalizer feature of MPEx (106) . This analysis (Fig. S3 ) suggested that W666A and W672A cause increases in binding free energy. Furthermore, W666A was predicted to decrease the hydrophobic moment or amphiphilicity (107) of the N-helix, whereas, by contrast, W672A was predicted to increase this property. Thus, W666A and W672A may decrease the depth of penetration and alter the tilt and/or orientation of the N-helical segment in the interfacial region of the cell-free viral envelope, thereby blocking infectivity. By contrast, subtle changes in interfacial binding energy and hydrophobic moment were predicted for I675A. This mutation may therefore block the infectivity of cell-free virions by diminishing stabilizing interactions with the acyl chain region of the envelope.
Recent data suggest that the functional role of the CT in VS-transmitted viruses is distinct from that of cell-free viruses as small truncations and point mutations within the CT that are largely tolerated by viruses transmitted between Jurkat donors and MT4 targets impair the infectivity of cell-free virions (108) . (Larger CT truncations were observed to block cell-cell transmission (108); however, this could be due to the inability of virions produced in Jurkat cells to incorporate Envs with large CT truncations (109) .) Thus, the mode of interaction between the CT and MA within cell-free virions may impose an MPER structure that is perturbed by W666A and I675A Fusion between infected T cells and uninfected T cells or macrophages and the formation of multinucleated syncytia may be associated with efficient cell-to-cell transfer of HIV-1 (24 -28, 110) . We observed that the W666A and I675A mutations did not affect the lag prior to fusion pore formation or the rate of fusion mediated by cell-surface-expressed Env. The intrinsic fusogenicity of Env expressed at the cell surface in the absence of other viral proteins is therefore not affected by ablation of lipid-interacting side chains at 666 and 675. It therefore appears that Env complexes present in virions transmitted via the cell-to-cell route resemble cell-surface-expressed glycoprotein forms with respect to the MPER being resistant to mutagenic alteration. Assuming that this MPER structure represents a native conformer, the replacement of lipid-buried residues such as Trp 666 , Trp 672 , and Ile 675 with Ala may be functionally tolerated if there is sufficient flexibility to allow
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alternative side chains to mediate functional interactions with the viral envelope. A model summarizing the potential effects of the MPER mutations is presented in Fig. 9 .
A feature that potentially distinguishes the two modes of viral spread is the timing of virion maturation. Evidence has been provided for CD4-dependent transfer of immature viruses across the VS to the target cell, where they enter endocytic compartments and undergo Gag maturation and activation for virus-endosome fusion (57, 111, 112) . In immature particles, interactions between the CT and the MA domain of the Gag precursor trap Env in a fusion-inactive state, Gag processing being required to release this trap (100, (113) (114) (115) . Therefore, although cell-free virions encounter receptors in a mature, fusion-competent state, VS-transferred virions may be fusionincompetent when they bind to CD4, requiring maturation within endosomes for the activation of fusion (57) . As the MPER adopts distinct epitope conformations in immature and mature virions (66) , it is plausible that the structure and function of the MPER are sensitive to disruption by W666A and I675A in a setting where Env-CD4 interactions occur in the context of mature Gag and fusion-competent Env, whereas these mutations are tolerated in cell-cell transmission where CD4 binds to Env prior to Gag maturation and virus-cell fusion.
Spreading infection in U87.CD4.CCR5 cells initiated by cellassociated AD8, SC45, and PRB958 viruses bearing W666A was more efficient than in PBMCs. Our observation that the 10E8 bNAb could not block cell-cell transmission between U87.CD4.CCR5 cells even though cell-free virus infection was completely neutralized by this bNAb suggests that the major mode of viral spread in these cells is via the cell-to-cell route. cryo-EM has shown HIV-1-budding sites of glioblastoma-derived cells such as U87 to be associated with lamellipodia-like areas and filopodial structures (116, 117) , bearing some resemblance to those involved in VS-mediated viral transmission between immune cells (16, 118) . It may be that VSs formed by such structures in adherent U87.CD4.CCR5 cells are sustained for long periods throughout the culture period leading to highly efficient cell-cell transmission, whereas T cell-T cell and monocytic cell-T cell VSs (as would form in PBMC cultures) are transient (8, 17, 18, 119) . Using Quantibrite beads in flow cytometry, we estimated ϳ10and ϳ4-fold higher CD4 and CCR5 expression levels, respectively, on U87.CD4.CCR5 cells versus PBMCs (Fig. S1 ). As CD4-Env interactions play a critical role in initiating VSs (8), the markedly higher CD4 numbers on U87.CD4.CCR5 cells is also consistent with more efficient viral transmission in this cell type. Cell-free virus infection may therefore make a greater contribution to spreading infection in PBMCs than in U87.CD4.CCR5 cells. This may explain why the slightly attenuated TZM-bl cell infectivity phenotype of cellfree PRB958-W666A correlated with that seen in PBMCs, whereas its infectivity was enhanced relative to WT in U87.CD4.CCR5 cells.
The analysis of SC45 and PRB958 T/F Envs revealed that the effects of W666A on cell-free virus infectivity are isolatespecific. The most striking difference was in U87.CD4.CCR5 Figure 9 . Structural modulation of the MPER, a model. Left, depiction of the Env glycoprotein in a cell-free virion. The trimeric gp120 -gp41 ectodomain was drawn using the coordinates from PDB code 5FYJ. The MPER (a monomer is shown for clarity) is embedded as a kinked helix in the polar headgroup (light blue)-acyl chain (white) interfacial region of the viral envelope as indicated by NMR studies of MPER peptides associated with membrane mimics (37, 38) and cryo-EM of HIV-1 particles (50) . The hydrophobic acyl-chain-interactive face of the MPER helices is colored teal. The N-terminal segment of the CT (707-752) is unstructured in the absence of MA interactions (143) but becomes organized when engaged by MA trimers in hexameric arrays (62) (63) (64) 84) . In this context, the MPER is in a conformation that is sensitive to mutations such as W666A, W672A, and I675A that potentially alter its interaction with the envelope. The effects of these mutations are mitigated by truncation of the CT or by Y712S, which uncouple Env from Gag due in part to disruption of the YXXL motif. In the SC54 isolate, the bridge formed between the V1-Asn 142 and V4-Asn 386 glycans and the V2-␤-hairpin-stabilizing effects of the Pro 183 -Tyr 191 interaction at the trimer apex confer a mutation-sensitive phenotype to the MPER via allosteric mechanisms. Right, in VS-transmitted virions, the MPER is resistant to mutations and neutralization by bNAb 10E8 perhaps due to an alternative CT conformation (108) and interaction with the MA domain. The various protein domains were drawn with PyMOL using the following coordinates: gp120 -gp41 ectodomain, PDB code 5FYJ (120); MPER, PDB code 2PV6 (38) ; membrane-spanning sequence, PDB code 5JYN (144); CT, PDB code 5VWL (143); MA trimer, PDB code 1HIW (145) .
cells where the infectivity of cell-free SC45-W666A was largely lost, but the infectivity of PRB958-W666A was enhanced. However, when infections were initiated with cell-associated SC45-and PRB958-W666A viruses, efficient viral spread in U87.CD4.CCR5 cells and PBMCs was observed for both mutants. Thus, the resilience of the MPER in cell-cell-transmitted virus to mutational disruption appears to be a conserved feature, whereas the MPER in cell-free virus responds to W666A in an isolate-specific manner. Domain swapping indicated that the SC45 V1, V2, and V4 domains in combination transferred most aspects of the attenuated cell-free virus infectivity phenotype of SC45-W666A to PRB958. For example, the gp120-shedding phenotype of SC45-W666A was replicated in PR.SC.V124-W666A, whereas PR.SC.V14-W666A exhibited a moderate shedding phenotype but a similarly low level of residual infectivity for TZM-bl cells. V1 and V4 may therefore modulate the function of the MPER as it relates to cell-free virus infectivity, whereas V2 influences gp120 -gp41 association in this context. The defective infectivity phenotype of cellfree PR.SC.V14-W666A for TZM-bl cells was recapitulated in PBMCs, again suggesting that the cell-free mode of viral transmission is a major contributor to viral spread in this system.
To gain a better understanding of how V1 and V4 may synergize in modulating the structure and function of the MPER, two recently described crystal structures of disulfide-linked gp120 -gp41 trimers (SOSIP.664) (120) were used as homology models of SC45 and PRB958. Like SC45, X1193.c1 SOSIP.664 contains a relatively long V1 loop with four PNGSs, whereas V4 contains five PNGSs. In contrast, the BG505 SOSIP.664 and PRB958 Env contain short V1 loops with two PNGSs but longer V4 loops containing five PNGSs (Fig. S4 ). X1193.c1 V1 forms an extended loop that points outwards from the 3-fold axis and overlays the V4 loop, allowing the Asn 142 -linked GlcNAc group to hydrogen-bond with the terminal mannose-9 moiety of the Asn 386 glycan in V4 (Fig. S5 ). These PNGSs are conserved in SC45, suggesting that they could be a point of interaction between V1 and V4. In BG505, glycan-glycan interactions are mediated by the mannose-7 and mannose-5 moieties of the V1-Asn 137 and V4-Asn 386 glycans, respectively (Fig. S5 ), which are conserved in PRB958. These glycan-mediated interactions between V1 and V4 may provide a physical link between the two variable domains such that they act in tandem to modulate virus infectivity ( Fig. 9 ). In contrast, the SC45 and PRB958 V3 sequences are highly conserved ( Fig. S2 ) (81% identity, 100% homology), perhaps explaining why this loop is functionally interchangeable between the two isolates. The V2 loop of SC45 was found to largely contribute the gp120-incorporation defect of SC45-W666A to PRB958 when V1 or V1 plus V4 of the former were also present. The most obvious differences between the SC45 and PRB958 V2 sequences are the P183Q consensusto-nonconsensus residue substitution and deletion of Asn 186 -Asn 187 (Fig. S4) . The X1193.c1 SOSIP.664 crystal structure suggests that P183Q would alter a stacking interaction with the conserved Tyr 191 within a short ␤-sandwich that constrains a hairpin loop; the Asp 186 -Asn 187 deletion would occur at the apex of this short hairpin. Interestingly, the loop is disordered in BG505 SOSIP.664, which contains Gln 183 (120) , suggesting that the Pro 183 -Tyr 191 interaction in SC45 Env stabilizes this V2 segment (Fig. S5 ). Intermonomer V2-V3 interactions are believed to modulate the stability of the trimer apex (50) . It is plausible that rigidity in the V2 hairpin of SC45 stabilizes the trimer apex against accommodating subtle structural perturbations associated with mutations that destabilize the Env complex. In common with SC45, AD8 also contains the Pro 183 -Ile-Asp-Asp 186 -Asn 187 sequence in V2, and its gp120 -gp41 complex is sensitive to W666A.
Taken together, the data suggest that amino acid changes in V1, V2, and V4 at the top of the trimer apex can allosterically modulate the structure and function of the MPER at the base. We did not detect differences in the global conformation of SC45 and PRB958 Envs in neutralization assays with the PGT151, VRC01, and PGT121 bNAbs, suggesting that the allosteric modulation of the MPER by the variable domains may involve subtle structural changes in the Env ectodomain. We have previously shown that loss of the V1 glycans at Asn 136 or Asn 141 /Asn 142 brings about changes in the gp120 -gp41 association site (96) . We have also found that restoration of infectivity to a defective DSR double mutant (W596L and K601D) involves a D674E mutation in the MPER (58) . These results suggest that the 136/142 glycans in V1 are allosterically linked to the function of the DSR, which is in turn linked to the function of the MPER. There is also evidence that the central helical region 1 (HR1) coiled coil of gp41 may link CD4-induced conformational changes and the MPER as T569A mutation in HR1 is associated with increased exposure of epitopes in both the MPER and CD4bs (121) . Thus, the functional link between the variable loops of gp120 and the MPER is likely to involve multiple structural elements within Env.
Independent evidence for a functional linkage between V1 and the MPER was provided by the finding that the cell-free virus replication defect of AD8-W672A could be suppressed by mutations in V1 that ablate N-linked glycosylation at Asn 136 (⌬N 136 VTNI or T138I) or Asn 141 (⌬N 139 IN). However, in contrast to the SC45-PRB958 domain swapping data, changes in V4 did not accompany the V1 changes in the context of AD8 revertants. Although this could be an isolate-specific phenomenon, we note that the W672A clones containing V1 modifications exhibited delayed replication kinetics relative to WT, suggesting that other suppressor mutations are required to restore full infectivity to W672A. We previously observed that loss of the Asn 136 and Asn 141/142 glycans in AD8 Env do not affect cell-free virus neutralization by 2F5 (96) nor binding by 10E8 to HIV-like particles incorporating the Env mutants (data not shown). However, the glycan deletions restored gp120 -gp41 association and membrane fusion function to Envs bearing mutations in the disulfide-bonded region of gp41 (96) , which mediates contacts with gp120. These data suggest that the glycan changes in V1 restore function to W672A by an indirect mechanism involving the gp120 -gp41 association site.
MPER-directed bNAbs have broad neutralizing activity in vitro (44, 122) , and their passive transfer to macaques contributes to protection from mucosal challenge with cell-free pathogenic chimeric simian-HIV (123, 124) , stimulating intense study of this region as a potential vaccine target. Our findings
indicate that the MPER may have distinct conformations and functions in cell-free versus cell-cell viral spread that correlate with neutralization resistance in the latter. One potential mechanism for resistance to MPER-directed bNAbs is an Env trimer conformation in VS-associated virions that denies antibody access to the MPER. This idea is illustrated by the finding that the Asn 88 and Asn 625 N-linked glycans of gp120 can sterically hinder antibody-MPER interactions (125) . Ruprecht et al. (126) showed that the neutralization activity of MPER-directed bNAbs is associated with the induction of gp120 shedding. It is possible that VS-associated virions can resist gp120 shedding in response to perturbations of MPER structure that are known to be induced by antibody binding (37, 38, 44, 48 -51) .
Overall, these findings have important implications for MPER-targeted vaccine design, particularly if the cell-to-cell mode of viral spread represents an important transmission mode in vivo (22-24, 27, 28) . The findings that the cell-to-cell HIV-1 spread between primary T cells (35) , primary MDMs and T cells (19) , and U87.CD4.CCR5 cells is relatively resistant to neutralization by MPER-directed bNAbs compared with gp120-directed bNAbs (19, 34, 35) suggest that vaccine design should focus on bNAb epitopes expressed in other regions of the gp120 -gp41 complex.
Experimental procedures
Env expression vectors and proviral clones
The construction of WT and W666A-, W672A-, and I675Amutated pCDNA3.1-AD8env vectors is described elsewhere (52, 89) . Termination codons and the Y712S mutation were introduced to the gp41 CT using overlap extension PCR. The env mutations were introduced to the pAD8 infectious clone (obtained from K. Peden (127) , NIAID, National Institutes of Health) by transferring the EcoRI-BspMI env-containing fragment from pCDNA3.1-AD8env vectors into pAD8. The L8S/ S9R mutation (59, 60) 
Infection of U87.CD4.CCR5 cells
Infection of U87.CD4.CCR5 cells (from H. Deng and D. Littman (54) , AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, National Institutes of Health) was carried out as described (58) . Briefly, virus stocks were prepared by transfecting 293T cell (American Type Culture Collection) monolayers with infectious clones using FuGENE HD (Roche Applied Science). Virus-containing transfection supernatants were normalized according to RT activity (129) or p24 content (National Cancer Institute-Frederick) and used to infect U87.CD4.CCR5 monolayers in 25-cm 2 culture flasks. The supernatants were assayed for RT activity or p24 content at various time points. To assess cell-to-cell transmission, HIV-1 particles were pseudotyped with VSV G by cotransfection of 293T cells with pAD8 infectious clones and pHEF-VSV G (from Dr. L.-J. Chang (130) , AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, National Institutes of Health). VSV G-pseudotyped virus-containing transfection supernatants were normalized according to RT activity (129) or p24 content as for nonpseudotyped viruses. U87.CD4.CCR5 monolayers in 25-cm 2 culture flasks were inoculated with the HIV-VSV G pseudotypes, and then, at 24-h postinfection, trypsinized to remove surface-adsorbed virions. The cells were washed with PBS, replated, and then cultured for 10 -14 days. The culture supernatants were assayed for RT activity or p24 content at various time points.
Infection of PBMCs
Phytohemagglutinin-stimulated PBMCs (10 6 ) (prepared from buffy packs obtained from the Australian Red Cross Blood Bank, as described previously (123)) were plated in 12-well culture dishes in RPMI 1640 medium, 10% FCS, and 2 units of IL-2 and incubated at 37°C for 3 h in a CO 2 incubator. Phytohemagglutinin and IL-2 were obtained from Sigma and Genscript, respectively. To examine cell-associated virus transmission, the cells were infected with VSV G-pseudotyped viruses (inocula normalized according to p24 content) and incubated for 24 h at 37°C in a CO 2 incubator. The infected cells were washed three times with PBS and then cocultured with 5 ϫ 10 6 naive PHAstimulated PBMC targets in 2 ml of RPMI 1640 medium, 10% FCS/IL-2 for 10 days at 37°C in a CO 2 incubator. To examine the infectivity of cell-free viruses, 10 6 PHA-stimulated PBMCs were infected with nonpseudotyped viruses (inocula normalized according to p24 content) and cultured in 2 ml of RPMI 1640 medium, 10% FCS/IL-2 for 10 days at 37°C in a CO 2 incubator. The supernatants were assayed for p24 content at days 3, 7, and 10. In some cases, the infectivity of cell-free HIV-1 for PBMCs was determined as described previously (129) . Equal amounts of virus (normalized according to RT activity) were serially diluted (10-fold) in a 96-well plate containing RPMI 1640 medium, 10% FCS and IL-2. PHA-stimulated PBMCs (10 5 ) were added to each well in a final volume of 200 l. The plate was incubated at 37°C, and at days 3, 7, 10, and 14, the supernatants were assayed for RT activity.
Infection of TZM-bl cells
TZM-bl cells, a HeLa cell line expressing CD4 and CCR5 and harboring integrated copies of the luciferase and ␤-gal genes under control of the HIV-1 promoter, were obtained from J. C. Kappes, X. Wu, and Tranzyme Inc., AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, National Institutes of Health (131) (132) (133) . Serially diluted nonpseudotyped and VSV G-pseudotyped virus stocks were used to inoculate the TZM-bl cells in triplicate (10 4 cells in 100 l per well of a 96-well tissue culture plate). Two days later, the cells were lysed and assayed for luciferase activity (Promega).
Role of the HIV-1 gp41 membrane-proximal region in infection Single cycle infectivity assays
Single-cycle infectivity assays were conducted as described previously (52) . Env-pseudotyped luciferase reporter viruses were produced by cotransfecting 293T cells with Env expression vectors plus the luciferase reporter virus vector, pNL4.3.Luc.R Ϫ E Ϫ (N. Landau, AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, National Institutes of Health (134) ). The infectivity of pseudotyped viruses was determined in U87.CD4.CCR5 cells using the Promega luciferase assay system at 48 h postinfection.
Real-time cell-cell fusion assay employing ␤-lactamase
Real-time fusion kinetics were determined using a modification of the assay originally described by Lineberger et al. (85) . 293T effector cells (2.5 ϫ 10 5 cells/well of a 12-well culture plate) were cotransfected with pCDNA3.1-AD8env and pCDNA3.1-␤-lactamase plasmids. At 30 h post-transfection, JC53 target cells (from D. Kabat, Oregon Health and Science University (135) ) were seeded at a density of 4 ϫ 10 4 cells/well in a clear-bottom black-sided 96-well plate (BMG). At 48 h post-transfection, the JC53 targets were labeled with 5 M CCF2-AM (Invitrogen) for 60 min at room temperature and then washed twice in PBS. 293T effector cells (2 ϫ 10 4 , Hanks'buffered saline containing 2 mM glutamine, 2 M HEPES, and 2 mM probenicid) were then added to the JC53 targets in triplicate. Fluorescence was quantified using a BMG FLUOstar fluorimeter, using a 405-nm excitation filter, and 460-nm (blue fluorescence) and 538-nm (green fluorescence) emission filters. The cells were maintained at 37°C, and readings were taken every 20 min for 180 min. The ratio of blue-green fluorescence was normalized against the final extent of fusion to determine the lag time and rate of fusion.
Neutralization assays
Cell-free virus neutralization assays were conducted, as described previously (96, 136) . Briefly, Env-pseudotyped NL4.3.Luc.R Ϫ E Ϫ luciferase reporter viruses were incubated with an equal volume of serially diluted IgG for 1 h at 37°C. The virus/IgG mixtures were then added to U87.CD4.CCR5 cells (10 4 cells per well of a 96-well tissue culture plate) and incubated for 2 days prior to lysis and assay for luciferase activity (Promega, Madison, WI). For cell-associated virus neutralization assays, U87.CD4.CCR5 cells were infected with VSV G-pseudotyped HIV-1 particles and then treated with trypsin prior to washing and replating in 96-well tissue culture plates in the presence of serially diluted bNAbs. At day 3, 50% of the culture supernatant was replaced with fresh medium containing the appropriate dilution of bNAb. The p24 content of each well was determined at 7 days postinfection using p24 ELISA. Purified IgG of bNAbs PG9 and PGT121 (93, 94) was obtained from the IAVI Neutralizing Antibody Consortium; 2F5 and 4E10 were obtained from the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, National Institutes of Health, from H. Katinger; and VRC01 (137), 10E8 (44) , and PGT151 (91, 138) and the hepatitis C virus E2 glycoprotein bNAb HC84.1 (139) were produced in Freestyle 293 cells (Invitrogen) following cotransfection with pCDNA3-based IgG1 heavy and light chain expression vectors containing the VRC01, 10E8, PGT151, and HC84.1 variable regions that were produced in-house ( Fig. S6 ).
Western blotting
Supernatants from 293T or HeLa cells (American Type Culture Collection) transfected with infectious clones were filtered through 0.45-m nitrocellulose filters and then centrifuged over 1.5 ml of 25% w/v sucrose/PBS cushions (Beckman SW41 Ti rotor, 25,000 rpm, 2.5 h, 4°C) prior to reducing SDS-PAGE and Western blotting with DV-012 (AIDS Reagent Program, Division of AIDS, NIAID, National Institutes of Health, from Dr. Michael Phelan) to detect gp120 and pooled IgG from HIV-1-infected individuals to detect Gag proteins. To detect viral proteins in cell lysates, transfected 293T cells were washed with PBS and then lysed in PBS, 1% Triton X-100 containing 1 mM EDTA, 1 mM PMSF, leupeptin, and aprotinin (Sigma). The lysates were clarified by centrifugation and then subjected to reducing SDS-PAGE and Western blotting with DV-012 to detect gp120.
Luciferase assay of cell-cell fusion
The ability of cell-surface-expressed Env proteins derived from pAD8 proviral vectors to mediate cell-cell fusion was determined as described previously (52) . Briefly, 293T cells were cotransfected with pAD8 proviral vectors and the bacteriophage T7 RNA polymerase expression vector, pCAG-T7 (140) . Twenty four hours later, BHK21 target cells (American Type Culture Collection) were cotransfected with pc.CCR5 (AIDS Reagent Program, Division of AIDS, NIAID, National Institutes of Health, from N. Landau (141) ) and pT4luc, a bicistronic vector that expresses human CD4 from a CMV promoter and firefly luciferase from a T7 promoter (142) , and incubated for a further 24 h. Targets and effectors were then cocultured in triplicate in a 96-well plate (18 h, 37°C) and assayed for luciferase activity (SteadyGlo, Promega).
Immunoprecipitation gp120 proteins were expressed in 293T cells and biosynthetically labeled with 35 S-Met/Cys (PerkinElmer Life Sciences) for 40 min and then chased with unlabeled media for 6 h. The glycoproteins were immunoprecipitated with IgG from a HIVpositive individual and protein G-Sepharose and then subjected to reducing SDS-PAGE and scanning in a phosphorimager.
